Sonic hedgehog (Shh) is a secreted protein with important roles in mammalian embryogenesis. During tooth development, Shh is primarily expressed in the dental epithelium, from initiation to the root formation stages. A number of studies have analyzed the function of Shh signaling at different stages of tooth development and have revealed that Shh signaling regulates the formation of various tooth components, including enamel, dentin, cementum, and other soft tissues. In addition, dental mesenchymal cells positive for Gli1, a downstream transcription factor of Shh signaling, have been found to have stem cell properties, including multipotency and the ability to self-renew. Indeed, Gli1-positive cells in mature teeth appear to contribute to the regeneration of dental pulp and periodontal tissues. In this review, we provide an overview of recent advances related to the role of Shh signaling in tooth development, as well as the contribution of this pathway to tooth homeostasis and regeneration.
Introduction
Hedgehog (Hh) signaling has been reported to have important roles in the development of many organs including craniofacial tissues such as palate, lip, salivary gland [1] [2] [3] [4] [5] , as well as tooth [6] . This signaling requires primary cilia that function in intraflagellar transport (IFT) [7] . Disruption of IFT trafficking from the base to the tip of the cilium in kif3a-deficient mice results in phenotypes similar to the loss of Hh signaling, such as tooth dysplasia [8] . Under quiescent conditions, when Hh signaling is not activated, Patched (Ptch), a receptor of three hedgehog orthologs, including Sonic hedgehog (Shh), Indian hedgehog, and Desert hedgehog, represses Smoothened (Smo) . Canonical Hh signaling is mediated via Smo activation. When the hedgehog ligand binds Ptch, it relieves this suppression and Smo accumulates in the tip of the primary cilium. Accordingly, Gli becomes dissociated from Suppressor of Fused (Sufu), a negative regulator of the Shh signaling. It then leads to the activation of Gli transcription factors and the downstream hedgehog signaling pathway [9] . Gli transcription factors have DNA-binding zinc finger domains that bind to sequences on their target genes to initiate or inhibit their transcription [10] . In contrast, non-canonical Hh signaling occurs through Patched1, independently of Smo and Gli [11] .
Tooth germ is composed of both epithelial and mesenchymal tissues, with dental epithelial tissue originating from the oral epithelium. However, unlike the nearby oral epithelium, the dental epithelium expresses Shh [12] [13] [14] [15] [16] . During the period of tooth crown formation, Shh-expressing cells are strictly localized in the dental epithelium, including the enamel knot that corresponds to future cusps, as well as ameloblast-lineage cells [17] [18] [19] . On the other hand, Ptch-positive cells and its downstream proteins are located in the dental mesenchyme in the absence of Shh expression [20] . Therefore, it is believed that an epithelial-mesenchymal interaction exists in which Shh expressed in the epithelium acts on Ptch-positive mesenchymal cells during tooth development. Conversely, several reports have demonstrated that cells in the dental mesenchyme regulate Shh expression in the dental epithelium [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . It has been shown that expression levels of Shh in the dental epithelium are decreased in runt-related transcription factor 2 (Runx2) mutant mice [31] . Runx2 is an essential transcription factor for osteoblast differentiation and is expressed in both osteogenic-and odontogenic-lineage cells, indicating that dental mesenchymal cells may regulate Shh expression in the epithelium. Furthermore, it has been reported that Shh signaling is strictly regulated in certain types of cells and is required for cellular proliferation and differentiation during different stages of tooth development (Table 1, Figure 1 ). (a-e) Tooth development begins with thickening of the oral epithelium (E) and progresses to crown (bud, cap, and bell stages) and root formation stages. Calcification of enamel, dentin (D), and cementum occurs after the bell stage. The formation stages "initiation," "crown formation," and "root formation" correspond to the terms in Table 1 . Higher magnification of the boxed region in "d" is shown in "e." AB, ameloblast; DM, dental mesenchyme; DP, dental papillae; ED, embryonic day; EO, enamel organ; HERS, Hertwig's epithelial root sheath; ODB, odontoblast; P, pulp; PD, postnatal day. Scale bars = 100 µm (a), 50 µm (b-d,f), 25 µm (e).
In this review, we focus on the functions of Shh signaling related to tooth development. In addition, we introduce recent findings concerning the relationship between Shh signaling and stem cell maintenance, with an emphasis on the potential of Shh signaling for the regeneration of dental tissues.
Shh Is Important for Epithelial Invagination at the Initiation of Tooth Development
Tooth development is regulated by reciprocal interactions occurring between epithelial and mesenchymal tissues. These interactions are controlled by several conserved signaling molecules, including bone morphogenetic proteins (BMPs), fibroblast growth factor, Wnts, and Shh [24, 25] . At the beginning of tooth development, the oral epithelium actively grows and invaginates toward the mesenchyme. The expression of Shh has been demonstrated in the thickening epithelium at the site where tooth formation will occur [31, [45] [46] [47] . Shh signaling related molecules such as Ptch, Smo, Gli1, Gli2, and Gli3 are also expressed in the dental mesenchyme around the thickening epithelium [32, 48] . The implantation of Shh-soaked beads into the dental mesenchyme has been shown to enhance the expression of Ptch and Gli1 at this site, subsequently resulting in an irregular shape of the thickening epithelium. On the other hand, the implantation of Shh-soaked beads into the oral epithelium, but not around the thickening dental epithelium, induces an ectopic epithelial invagination [33] . Enhancement of Shh expression in the dental epithelium using the Keratin 14 promoter inhibits cellular proliferation and arrests tooth development during the early stage [34] . Conversely, the inhibition of Shh signaling by cyclopamine, an antagonist of Smo, inhibits the invagination and extension of the oral epithelium into the dental mesenchyme [33] . In Gli2 and Gli3 double-mutant mice, although epithelial thickening is observed in the oral epithelium, the epithelium does not proceed to form the enamel organ [32] . Therefore, Shh signaling appears to have an important role in dental epithelial cellular proliferation and invagination.
Shh Regulates Enamel Formation
During tooth development, the invaginated dental epithelium extends and forms the enamel organ. Epithelial cells in this tissue can be divided into three types of tissues, namely, the inner and outer epithelia and the stellate reticulum. During tooth crown formation, the cells in the inner enamel epithelium differentiate into ameloblasts that form the enamel. The inner enamel epithelium at this stage expresses both Shh and Ptch [24, [49] [50] [51] [52] [53] [54] , and suppression of these expressions results in the inhibition of the proliferative activity of the epithelial cells [35] . In addition, it has been demonstrated that inhibition of Shh signaling in tooth germ using a neutralizing antibody suppresses ameloblast differentiation [36] .
Shh is also expressed in enamel-secreting ameloblasts [55] [56] [57] . As such, the loss of Shh signaling in ameloblast-lineage cells using genetic modification techniques has been shown to cause unpolarized ameloblast differentiation and enamel hypoplasia, resulting in the disruption of normal tooth morphology [37] . Therefore, Shh signaling appears to have multiple roles, which include the proliferation and differentiation of cells in the inner enamel epithelium and in differentiated ameloblasts.
Shh Signaling Functions in the Dental Mesenchyme and Is Involved in Tooth Morphogenesis
It has been reported that the inactivation of Shh signaling in the dental epithelium results in the formation of small teeth with the disappearance of Ptch1-and Gli1-positive cells in the dental mesenchyme [39] . Suppression of Sufu in dental mesenchymal cells results in deletion of primary enamel knot in the enamel organ as well as retardation of transition from bud to cap stage of tooth development [40] . It has also been demonstrated that crown size depends on the contact area between the Shh-expressing inner enamel epithelium and the dental mesenchyme [54] . These findings indicate that Shh signaling may regulate cellular proliferation in the dental mesenchyme, thereby controlling tooth morphogenesis [38, 41, 58] .
Deletion of Shh Signaling in Hertwig's Epithelial Root Sheath (HERS) Suppresses Tooth Root Elongation
After crown formation, the inner and outer enamel epithelium fuse at the lower edge of the enamel organ, forming a bilayered tissue referred to as HERS. Morphologically, the HERS bends inward during the early stages of root formation and grows between the dental papilla and dental follicle. In general, the HERS has been accepted as the principal structure controlling root formation, as this tissue disappears upon completion of root formation. Recent studies have demonstrated that growth factors, including BMPs and transforming growth factor-beta, mediate reciprocal epithelial-mesenchymal interactions during tooth root development [21, 45, 46, 59] . It has also been shown that the epithelial cells of the HERS secrete Shh [42, 43, 60] . In this process, via Shh signaling, dental mesenchymal cells expressing Ptch are stimulated to form the root dentin [35, 36] .
Nuclear factor Ic (Nfic) knockout mice have normal tooth crowns, but a defect of tooth root formation can be observed in the molars [61] . This suggests that Nfic has an essential role in tooth root formation. The loss of Shh in the HERS has been shown to inhibit the expression of Nfic in the dental mesenchyme around the HERS [43] . Therefore, it is considered that Shh is an important signaling molecule of the epithelial-mesenchymal interaction and regulates tooth root formation.
Signaling Pathways of BMP-SHH and SHH-BMP Regulate Tooth Root Formation
While evidence suggests that Shh signaling has an important role for tooth root development [42, 44] , the mechanisms of this process remain controversial. In the process of tooth root development, as mentioned above, BMPs are important signaling molecules that regulate epithelial-mesenchymal tissue interactions [45, 46, 62] . In particular, BMPs principally function via receptor complexes consisting of BMP receptor types I (BMPR-I) and II (BMPR-II) [63] . BMPs activate these receptors upon binding, which then leads to the phosphorylation of R-Smads. Phosphorylated R-Smads subsequently interacts with Smad4 to form a complex, which is translocated to the nucleus [64, 65] . This complex then induces the expression of downstream proteins, including Runx2, which are essential transcription factors for hard tissue-forming cell differentiation [66] .
The inactivation of Smad4 in the dental epithelium using Keratin 14-Cre; Smad4fl/fl mice have been shown to cause the absence of Shh expression in the HERS, resulting in the formation of short tooth roots [43] . In addition, a similar phenotype is observed in mice with mutated BMPR-I in the dental epithelium [67] . In the dental mesenchyme, some positive cells for downstream proteins of Shh signaling are known to be present, including Gli1. The inhibition of BMP signaling in these Gli1-positive cells results in a failure of root dentin formation [43, 67] . Therefore, it can be speculated that certain key molecules regulated by Shh signaling may be closely associated with tooth root development, suggesting that BMP and Shh signaling pathways may be regulators of tooth root formation.
Gli1-Expressing Cells Possess Stem Cell Properties in Mature Tooth
Multipotent mesenchymal stem cells have been described in a variety of tissues with varying developmental origins and physiological functions [68, 69] . Although human permanent and deciduous teeth are known to contain mesenchymal stem cells in the periodontal ligament and dental pulp [70] [71] [72] , visualization of these cells has yet to be achieved. Recently, iGli1/Tomato mice, which are transgenic for the Gli1CreERT2; R26RtDTomato gene [73, 74] , have been used for lineage tracing analysis of Gli1-positive cells in various organs [75] [76] [77] [78] [79] [80] [81] . In this mouse model, Gli1-positive cells were shown to express the Cre recombinase-mutated estrogen receptor (CreERT2). Since CreERT2 is only active in the presence of tamoxifen, Gli1-positive cells start to express Tomato red fluorescence after tamoxifen administration. Tomato red fluorescence is also observed in the daughter cells of Gli1-positive cells after cell division. Therefore, this system can be used to continuously trace Gli1-positive cells and their daughter cells (Figure 2a ). In a previous study, we revealed that Gli1-positive cells are present in the dental pulp and the periodontal ligament in mature teeth [82] . These cells are barely detected around the blood vessels in mature tooth (Figure 3a-e ). In addition, Gli1-positive cells have been identified as mesenchymal stem cells with the ability to self-renew and with trilineage differentiation potential (Figure 2b) . Although Gli1-positive cells are quiescent under normal conditions after the completion of tooth formation, they can proliferate after tissue injury, contributing to tissue repair (Figure 2c ). In the following chapters, recent studies demonstrating the stem cell abilities of Gli1-positive cells during tooth development will be discussed. 
Gli1-Positive Cells Supply Ameloblast-Lineage Cells in the Rodent Incisor
Since rodent incisors erupt continuously throughout the life of the animal, epithelial stem cells that differentiate into enamel-forming ameloblasts are present in the dental epithelium at the posterior apex of the incisor [83] . In addition, Gli1-positive cells are distributed in proximity to Shh-expressing cells in the cervical loop of the incisor. These cells have been shown to be co-localized with bromodeoxyuridine label-retaining cells, suggesting the presence of both stem cells and transit-amplifying cells [84] . Using lineage tracing analysis, Gli1-positive cells in the dental epithelium of the mouse incisor have been shown to proliferate and differentiate into ameloblasts [85] . Furthermore, since the formation of enamel can be blocked in the mouse incisor by the administration of hedgehog pathway inhibitors [36, 37, 85] , Shh signaling may contribute to both the maintenance of epithelial stem cells and ameloblast differentiation.
Gli1-Positive Cells Are Mesenchymal Stem Cells in Developing Tooth
Mesenchymal cells in tooth germ have been considered to originate from the cranial neural crest [86] . In the mouse incisor, it has been reported that most cells originating from the cranial neural crest express Gli1 and are localized at the posterior apex of the dental mesenchyme without a high proliferation ability. These cells expand and populate the entire dental pulp, as well as the periodontal ligament [87, 88] . Zhao et al. [87] suggested that Shh secreted by sensory nerves, not the dental epithelium, is important for the maintenance of these Gli1-positive cells in the dental mesenchyme of the mouse incisor. Similarly, it has been reported that the nerve-derived Shh is involved in supporting the stem cell niche in hair follicle for its development and regeneration [89] .
Just after the beginning of root formation stage of the mouse molar, the HERS secrets Shh [42, 43] . Gli1-positive cells are then distributed in the dental mesenchyme around the HERS [44, 67, 90] and proliferate as the tooth root elongates, differentiating into root-forming cells such as odontoblasts, cementoblasts, and fibroblasts in the dental pulp and the periodontal ligament [44, 91] . These Gli1-positive cells have also been shown to have multilineage potential and high colony-forming unit fibroblast (CFU-F) activity in vitro [90] . Furthermore, root elongation is not observed in tooth germ lacking Gli1-positive cells during the root formation stage [44] . Therefore, Gli1-positive cells are believed to supply the cells involved in tooth root formation. These results also indicate that Gli1 may be a useful marker of mesenchymal stem cells in the developing tooth (Table 2 ). 
Can Shh Signaling Be a Target for Tooth Regeneration Therapy?
Cell replacement therapies using undifferentiated cells are considered to be one of the most effective methods for cellular and tissue regeneration. As such, regenerative therapies using stem cells have been widely studied in a variety of organs [92, 93] . This approach is considered to be constructive as it promotes healing in the original cells. In vivo studies have shown that, after tooth transplantation into the subcutaneous tissue, stem and undifferentiated cells can differentiate into odontoblasts [94, 95] , cementoblasts, and osteoblasts [96, 97] . Interestingly, the majority of cells with this regenerative ability have been shown to express Gli1 (Figure 2c ).The collection of dental pulp and periodontal ligament cells containing Gli1-positive cells from teeth extracted for orthodontic reasons or from nonfunctional third molars is possible. In addition, the elucidation of mechanisms concerning stem and undifferentiated cell maintenance by Shh signaling may lead to the application of Gli1-positive cells for tooth regeneration. However, in practical terms, a large number of replacement cells would be required because stem cells in tooth are present only in a limited number. Furthermore, in vitro culture systems to expand these stem cells, while maintaining their unique characteristics, have not been established. Therefore, a better understanding of the mechanisms underlying the maintenance of stemness, as well as tooth cell differentiation in Gli1-positive cells, may lead to more effective biologically activating therapies than are currently offered by traditional dental treatments.
Conclusions
Shh signaling is deeply involved in tooth formation and has different functions at each stage of tooth development. Therefore, a greater understanding of tooth formation may accelerate the development of novel regenerative and restorative therapies. Indeed, recent studies have shown that cells expressing Gli1, a downstream factor of Shh signaling, are mesenchymal cells in both developing and mature teeth. Thus, it is expected that additional functions of Shh signaling in tooth formation, as well as the regulatory mechanism of stem cell properties in the dental mesenchyme, will be elucidated and lead to the development of new dental therapies. 
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